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Magnetic behaviour of quasi-one-dimensional oxides, Ca3Co1+xMn1−xO6
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The results of ac and dc magnetization and heat capac-
ity measurements on the oxides, Ca3Co1+xMn1−xO6, forming
in a K4CdCl6-derived rhombohedral quasi-one-dimensional
crystal structure, are reported. As far as Ca3Co2O6 is con-
cerned, the results reveal truly complex nature of the two
magnetic transitions, identified to set in at 24 and 12 K in
the previous literature. However, partial replacement of Co
by Mn apparently results in a long magnetic ordering of an
antiferromagnetic type (below 13 and 18 K for x= 0.0 and
0.25 respectively), instead of spin-glass freezing in spite of
the fact that there is Co-Mn disorder; in addition, interest-
ingly there are hysteretic spin reorientation effects as revealed
by isothermal magnetization behavior.
PACS numbers: 75.50.Lk, 75.50.-y; 75.30.Cr; 75.30.Kz
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The compounds of the type, (Sr, Ca)3ABO6 (A, B= a
metallic ion, magnetic or nonmagnetic), crystallizing in
the K4CdCl6 (rhomhohedral) derived structure
1 (space
group R3¯c) have started attracting the attention of con-
densed matter physicists in recent years (see, for in-
stances, Refs. 2-13), as the structure is of a pseudo-one-
dimensional-type, characterized by the presence of mag-
netic chains of A and B ions running along c-direction
arranged hexagonally forming a triangular lattice. These
chains are separated by Sr (or Ca) ions. Among these,
the compound, Ca3Co2O6, is interesting in many ways.
Among this class of oxides, this is the only compound in
which both A (octahedral oxygen coordination) and B
(trigonal prismatic oxygen coordination) sites are occu-
pied by the same metallic ion. The interchain distance is
5.24 A˚, whereas the intrachain Co-Co distance is about
2.6 A˚ and thus this is a good candidate for quasi-one-
dimensional magnetism. It has been proposed that this
compound serves as a rare example for ”partially disor-
dered antiferromagnetic structure (PDA)” in the sense
that, for an intermediate temperature (T) range (12-24
K), 2/3 of the ferromagnetic-Co chains are antiferromag-
netically coupled to each other, whereas the rest remain
incoherent; as the T is lowered below 12 K, according to
original reports,3 these incoherent chains undergo spin-
freezing with the application of a magnetic field (H) in-
ducing ferrimagnetic structure. However, the appearance
of prominent plateaus3,5 in the plot of isothermal mag-
netization (M) in the range of 12 to 24 K is in favor of
ferrimagnetic ordering for this intermediate T range as
well. Subsequent neutron diffraction studies,4 revealed
the existence of long range ferrimagnetic correlation not
only above 12 K, but also below 12 K. Though there
are such confusing reports about the precise T/H region
over which ferrimagnetic structure appears, it is certain
that this compound is believed to be the first example
for ferrimagnetism in a planar Ising triangular lattice,
noting that each chain acts effectively as a single spin.3
In addition, there is a superparamagnetic-like large fre-
quency (ν) dependence5 of real part (χ′) of ac suscepti-
bility (χ), which does not categorise this into ”conven-
tional spin-glasses”. Though it is known that Co at the
A-site (Co-I) is bigger in size compared to that at the
B-site (Co-II), there has been an ambiguity about the
valency of Co, as (i) the question whether orbital an-
gular momentum is quenched remains unanswered, and
(ii) it is difficult to consistently interpret the magnetic
moment values obtained from M and neutron diffraction
data.3,7 A recent article on band structure calculations13
reports that the oxidation state of Co at both the sites
is 3 with the one at the A-site in a low-spin state and
the other at the B-site in a high-spin state. Many other
interesting observations8,9 have also been made on this
compound. However, it is obvious from the above dis-
cussion that the understanding of this compound is thus
still at a premature stage and more experimental data
need to be collected which will eventually contribute to
better understanding of this compound.
Here, we report the results of ac χ measurements taken
in the presence of different H as well as of heat-capacity
(C) measurements on this compound, while dc M mea-
surements have also been measured to compare with the
literature data. The results reveal new interesting fea-
tures. During the course of our investigations of this class
of compounds,11,12 we also came across another article
recently,14 which reports the synthesis of Mn substituted
oxides, Ca3Co1+xMn1−xO6 (x= 0.0 and 0.25), the mag-
netic properties of which are ambiguous. Keeping this
in mind, we considered it worthwhile to probe how the
properties of this Co compound get modified by partial
Mn substitution. We therefore subjected the oxides with
the compositions, x= 0.0, 0.25 and 1.0, to careful M and
heat-capacity (C) measurements, the results of which are
reported in this article.
Polycrystalline specimens of Ca3Co1+xMn1−xO6 (x=
0.0, 0.25 and 1.0) were prepared by a conventional solid
state method as described in Ref. 14. Proper proportions
of high purity (> 99.9 %) CaCO3, Co3O4 and MnO2 were
thoroughly mixed in an agate mortar and calcined in air
at 1273 K for one day and then at 1275 K for x= 1.0
and at 1475 K for x= 0.0 and 0.25 respectively for an-
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other day with an intermediate grinding. The speciens
were subsequently subjected to a further heat-treatment
in oxygen atmosphere at 1275 K for 4h with subsequent
slow cooling. The samples were then characterized by x-
ray diffraction (Cu Kα) and found to form in single phase.
The x-ray diffraction patterns (see Fig. 1) are found to
be in excellent agreement with those reported in Ref. 14.
Dc χ measurements (1.8 - 300 K) in the presence of var-
ious H and isothermal M measurements at several tem-
peratures were performed employing a superconducting
quantum interference device (Quantum Design) as well as
a vibrating sample magnetometer (VSM) (Oxford Instru-
ments). The same Quantum Design magnetometer was
employed to measure ac χ (2-200 K) in a ν range of 1 -
1000 Hz in an ac field of 1 Oe in zero dc H for all samples
and in the presence of two different dc magnetic fields
(H= 10 and 50 kOe) for x= 1.0. The C measurements
(2 - 60 K) were performed by semi-adiabatic heat-pulse
method employing a home-built calorimeter.
We first discuss the results on Ca3Co2O6. As shown in
figure 2a, the plot of inverse χ versus T measured in a H of
5 kOe is nearly linear in the range 130 to 300 K. The effec-
tive moment (µeff ) and the paramagnetic Curie temper-
ature (θp) obtained from the slope of this plot is found to
be 5.1 µB per formula unit and 30 K respectively. There
is a sudden increase in χ below 24 K, as though there is
a ferromagnetic transition. In the data for the zero-field-
cooled (ZFC) state of the specimen, as the T is lowered,
this feature is followed by a peak at 12 K indicating the
existence of another (antiferro-magnetic-like) transition
at this temperature. The ZFC-FC χ curves (Fig. 2b) for
H= 5 kOe bifurcate below 12 K only, but not at 24 K,
which establishes that the 24K-transition can not be of
a spin-glass-type. These observations are in broad agree-
ment with those known in the literature. With respect
to dc χ(T) behavior, we make the following new obser-
vations: The bifurcation of ZFC-FC curves, obtained in
a lower field of 100 Oe does not begin at 12 K (see Fig.
2b), but apparently occurs at a lower temperature only,
say near 7 K; also there is no peaking of χ at 12 K in the
ZFC plot for this field; it may be noted that there is an
additional shoulder at the same T (7 K) in ZFC data of
5 kOe. The appearance of the 7K-feature thus depends
on T and H cycling history of the specimen. A careful
look at the curves for 1 kOe in Fig. 2 of Ref. 3 reveals
the existence of an upturn of χ at nearly the same tem-
perature, though this observation was not emphasized by
those authors. These features may point to the existence
of another transition at 7 K.
In Fig. 3, we show the isothermal M behavior at se-
lected temperatures for the above compound. There is
a plateau in the plots (with increasing H) at about 1/3
of the saturation value (approximately equal to the value
at the highest field measured) at about 20 kOe for in-
termediate T ranges, say at 5, 8 and 20 K. The plots
at these temperatures are less hysteretic compared to
that at 1.8 K. The saturation moment values (say, at 120
kOe) are nearly the same for all T below 24 K. These
observations are in agreement in with those reported in
the literature.3,5 The new observations we would like to
emphasize from our data are: (i) The plots are non-
hysteretic at 20 K as well as at 30K, in contrast to those
noted in Ref. 3 for 20 K; (ii) For T= 5 K, there are ad-
ditional structures (as though there are more plateaus)
while reversing H to zero, as indicated by vertical arrows
in this figure; (iii) At 1.8 K, there are many steps with in-
creasing H, which is however reduced with the reversal of
the direction of H. It should be mentioned that such finer
steps could be observed only with VSM, as this instru-
ment enables to collect the data at very close intervals
of H. These results clearly suggest that there are many
energetically close magnetic structures, the stability of
which are extremely sensitive to the H and/or T cycling.
We now turn to the ac χ behaviour (Fig. 4), both
real (χ′) and imaginary (χ′′) parts. There is a peak at
12 K for the lowest ν in χ′(T) plot. There is a simi-
lar feature in χ′′ near the same T (10 to 12 K). These
peaks undergo a shift to a higher T with increasing ν.
These are all characteristics of spin glasses. What is
surprising is that, as noted earlier,5 the magnitude of
the shift of the peak temperature is too high (about 5
K) to classify this compound as a canonical spin-glass.
This ”superparamagnetic-like” behavior was believed5 to
arise from many energetically close magnetic structures
inferred from isothermal M behavior. But, we are hes-
itant to support this arguement, considering that an-
other isostructural compound, Ca3CoRhO6, with a more
dramatic frequency dependent ac χ behavior11 does not
show such multiple steps in isothermal M. It is interest-
ing to see that the ac χ attains almost zero value for the
highest frequency (1000 Hz) below 10 K, as though the
M is no longer able to follow the excitation field, thereby
yielding zero average value.5 We have obtained additional
information on the basis of field-dependent ac χ measure-
ments, the results of which are also shown in Fig. 4. For
the purpose of direct comparison of the H-dependence
of the intensities of the peaks, we have plotted all the
curves in the same scale. It is obvious that an appli-
cation of 10 kOe completely suppresses the peak at 12
K and a new ν independent weak peak appears around
24 K in χ′, however without any worthwhile feature in
the imaginary part. This implies that this feature arises
from long range magnetic ordering at 24 K, which ap-
parently is masked in the zero field data by the tail of
the 12K-peak at the higher temperature side. Interest-
ingly, further increase of H, say to 50 kOe, restores the
12K-peak with noticeable frequency dependence (though
with less intensity) not only in χ′(T), but also in χ′′(T);
χ′ however falls gradually with increasing T without any
feature at 24 K. This ”oscillatory” field-dependent ac χ
intensity behaviour is a new observation and quite fasci-
nating. Careful neutron diffraction measurements in the
presence of H will be quite rewarding.
In Fig. 5, we report the results of C measurements (in
zero H). There is a distinct peak in C(T) at 24 K with a
large jump of about 3.8 J/mol K. This finding is consis-
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tent with the fact that long range magnetic ordering sets
in at this temperature. However, C is found to decrease
monotonically down to 2 K with further decrease of T,
thereby establishing that the magnetic transitions at 12
and 7 K are not of a long range type.
We now present the results on the Mn substituted sam-
ples. In the case of Ca3CoMnO6, the plot of inverse χ
versus T is linear down to about 50 K, below which there
is apparently a small deviation from linearity (Fig. 6a).
The values of µeff and θp obtained from this linear region
are about 6.0µB and -45 K respectively. The negative
sign of θp indicates dominant antiferromagnetic correla-
tions. Further lowering of T show a broad shoulder at
about 13 K, suggesting the existence of a magnetic tran-
sition at this temperature in conformity with Ref. 14.
However, in our data, this feature is followed by an an-
other upturn below 7 K (see Fig. 6) and it is not clear
whether this originates from traces of impurities appear-
ing in the x-ray diffraction pattern. C data (Fig. 5)
also show a corresponding anomaly around 13 K and the
rounded nature of the peak in C(T) may indicate that
the magnetic correlations may not proceed through the
entire crystal, which may be responsible for the absence
of magnetic reflections in the neutron data.14 We do not
find any difference between ZFC χ and FC χ; the peak
temperature in χ′ (at the magnetic transition) does not
exhibit any ν dependence and the χ′′(T) is featureless
(and hence not plotted here). These observations, some-
what different from what are observed for Ca3Co2O6,
establish that the magnetism of this compound is rela-
tively simpler, that is, of a long range type. This con-
clusion resolves that the absence of clear-cut magnetic
reflections in the neutron diffraction data is not due to
spin-glass-type of magnetic ordering.14 Isothermal M be-
haviour (Fig. 6d) is quite revealing. The M(H) plot at
30 K is practically linear (at least up to 60 kOe) with a
weak curvature at higher fields. This tendency persists
at 10 K as well, without any evidence for hysteresis, from
which one can conclude that the magnetic ordering can
not be of a ferromagnetic or spin-glass-type. Interest-
ingly, as T is lowered to 5 K, there is a dramatic change
in the M behavior: M is a non-linear function of H even
in the relatively low field range, say, till 20 kOe and at
a field of about 30 kOe, there is a meta-magnetic-like
transition followed by a linear variation above 80 kOe; in
addition, hysteretic behavior is observed for the interme-
diate field range. Similar features are observed at 1.6 K
with a more pronounced hysteretic behavior. All these
results suggest that the zero-field magnetic structure is of
an antiferromagnetic-type and hysteretic M(H) behavior
at low temperatures signals that the metamagnetic tran-
sition could be of a first order, broadened by possible
crystallographic (Mn/Co) disorder. It is interesting that
the inferred crystallographic disorder however does not
result in spin-glass-like anomalies.
We show the results of magnetic investigations for
Ca3Co1.25Mn0.75O6 in Fig. 7. It may be remarked
that we have not attempted to synthesize more compo-
sitions, rich in Mn, as Ref. 14 claims that such com-
positions do not form. From the comparison of the re-
sults shown in Figs. 6 and 7, it is obvious that the mag-
netic behavior of this compound is qualitatively similar
to that of Ca3CoMnO6, except that the long range (an-
tiferro)magnetic ordering sets in at about 18 K, without
any evidence for additional low temperature transition.
This is confirmed by the appearance of a corresponding
feature in the C data (Fig. 5). There is a weak upturn
below 7 K if dc χ is measured with H= 100 Oe (Fig.
7b), and this is suppressed in H= 5 kOe data imply-
ing thereby that this upturn could be due to traces of
magnetic impurities, at least for this case. The low tem-
perature field-induced spin-reorientation transition (Fig.
7d) is relatively broadened and occurs at a higher field
range, around 60 to 80 kOe, however maintaining hys-
teretic behavior, while compared with Ca3CoMnO6. The
dc χ obeys Curie-Weiss law with a small deviation below
about 100 K and the values of µeff and θp obtained from
the high-T linear region (5.7µB and -24 K respectively)
are in good agreement with those reported in Ref. 14. It
may also be remarked that we do not see a bifurcation of
ZFC-FC χ curves in the T range of measurement, sim-
ilar to the behavior of Ca3CoMnO6 - in contrast to the
observation in Ref. 14 - consistent with our conclusion
that the magnetic ordering is not of a glassy-type.
To conclude, we have reported detailed ac and
dc χ and C behavior of spin-chain compounds,
Ca3Co1+xMn1−xO6. We report many new findings on
Ca3Co2O6. The results reveal that there are apparently
many magnetic structures, which are energetically close,
the stability of which depends on thermal and magnetic
field cycling history of the specimens. Interesting features
are also seen in the field-dependent ac χ(T) plots. Partial
replacement of Co by Mn however drives this system to-
wards long range antiferromagnetic ordering, with field-
induced spin-reorientation effects, interestingly, with an
hysteretic effect for intermediate field range. It is fasci-
nating that chemically induced disorder by the substitu-
tion of Mn for Co does not favor spin-glass-like freez-
ing, whereas the stoichiometric compound, Ca3Co2O6
exhibits ”exotic” spin-glass-like features, thereby reveal-
ing that this compound is truly a novel magnetic mate-
rial. It will be rewarding to subject this compound to
more investigations by other methods.
The authors would like to thank Kartik K Iyer for his
help while performing the experiments.
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FIG. 1. X-ray diffraction patterns (Cu Kα) of the oxides,
Ca3Co1+xMn1−xO6. The lattice parameters are included in
the figures. Asterisks mark unidentifiable weak peaks.
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FIG. 2. (a) Inverse dc magnetic susceptibility (χ) as a func-
tion of temperature (T) for zero-field-cooled Ca3Co2O6 mea-
sured in the presence of an external magnetic field (H) 5 kOe.
The line represent high-T linear region. (b) Dc χ taken in the
presence of 5 kOe and 100 Oe for zero-field-cooled (ZFC) and
field-cooled (FC) states of the specimens are compared.
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FIG. 3. Isothermal magnetization (M) as a function of
magnetic field (H) for Ca3Co2O6 at various temperatures.
Vertical arrows mark the steps in the plots, while other ar-
rows mark the direction of variation of the field.
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FIG. 4. Ac susceptibility as a function of temperature for
various frequencies in the absence and in the presence of ex-
ternal dc magnetic fields (10 and 50 kOe) for Ca3Co2O6. χ′
and χ′′ refer to real and imaginary parts. For H= 10 kOe, the
values at various ν overlap. In the zero-field data, the peaks
shift in the direction of arrows with increasing frequency.
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FIG. 5. Heat capacity (C) as a function of temperature (T)
for Ca3Co1+xMn1−xO6 (x= 0.0, 0.25 and 1.0).
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FIG. 6. For Ca3CoMnO6, (a) inverse dc susceptibility (χ)
as a function of temperature (T); a continuous line represents
high-T linear region; (b) Dc χ as a function of T measured in
a field of 100 Oe for the ZFC and FC state of the specimen; (c)
ac χ (real part) as a function of T at various frequencies; and
(d) isothermal magnetization (M) as a function of magnetic
field (H) at selected temperatures with the arrows marking
the direction in which the H is varied.
5
0 100 200 300
25
50
75 Ca3Co1.25Mn0.75O6(a)
H= 5 kOe
 
 
 
χ 
-
1  
(m
o
l/e
m
u
)
1
(d)2 K
 
 
 
 
0 10 20 30
0.10
0.12
(b) H = 100 Oe
 ZFC
 FC
 
 
 
χ 
(em
u
/m
o
l)
1
5 K
 
 
 
 
0 10 20 30 40
1
2
3 (c)
 
       1 Hz
     10 
   100
 1000
 
 
χ' 
( x1
0-4
 
em
u
/g
)
1
10 K
 
 
 
 
0 50 100
0
1
T (K) H (kOe)
M
 (µ
B /fo
rm
ula u
nit)
30 K
 
  
 
FIG. 7. For Ca3Co1.25Mn0.75O6, (a) inverse dc susceptibil-
ity (χ) as a function of temperature (T); a continuous line
represents high-T linear region; (b) Dc χ as a function of T
measured in a field of 100 Oe for the ZFC and FC state of
the specimen; (c) ac χ (real part) as a function of T at var-
ious frequencies; and (d) isothermal magnetization (M) as a
function of magnetic field (H) at selected temperatures with
the arrows marking the direction in which the H is varied.
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